The most species rich order of tapeworms is the Cyclophyllidea and prior to wide-scale sampling of these worms for phylogenetics, we wished to develop reliable PCR primers that would capture fragments of mitochondrial (mt) DNA with phylogenetic utility across the order. Nuclear ribosomal RNA gene sequences are well-established and valuable markers for resolving flatworm interrelationships spanning a wide range of taxonomic divergences, but fail to provide resolution amongst recently diverged lineages. Entire mt genomes of selected cyclophyllidean tapeworms are available on GenBank, and we used these to design PCR primers to amplify mtDNA from cox1, rrnL and nad1 for a range of cyclophyllideans (7 davaineids, 1 hymenolepidid and 1 dilepidid) and selected outgroups (Tetrabothrius sp. and Mesocestoides sp.). A combined nuclear and mt gene data set was used to estimate a reference phylogeny and the performance of the individual genes was compared to this. Although nuclear and mt genes each contributed to the structure and stability of the phylogenetic estimate, strongest nodal support was provided by nuclear data amongst the basal lineages and by mt data amongst the most recently diverged lineages. The apparent complementarity afforded by combining nuclear and mt data was compromised by these data partitions providing conflicting signal at poorly supported nodes. Nevertheless, we argue for a combined evidence approach. PCR primers that amplify rrnL were designed and tested successfully against a diversity of cyclophyllideans; rrnL and nad1 appeared to be more informative than the fragment of cox1. The genus Raillietina was not supported by molecular evidence. The new primers will likely provide considerable resolution to estimates of cyclophyllidean interrelationships in future studies.
Introduction
Of the 17 recognised orders of tapeworm, the most speciesrich, by far, is the Cyclophyllidea. Some 3,100 described species (Georgiev 2003) make this order as diverse in terms of species number as the remaining cestode orders combined (in total, ~5,200 cestode species are known). Nevertheless, the estimate is likely to represent only a small proportion of the true diversity of these tapeworms that infect predominantly tetrapods (mostly birds and mammals but also amphibians and reptiles), as many potential hosts and biogeographic provinces have remained unsampled. Cyclophyllideans include wellknown parasites of humans and livestock (e.g. species of Taenia and Echinococcus), but their abundance and wide distribution in the wild suggests they play important roles in all terrestrial, most limnetic and many coastal ecosystems.
The family Davaineidae Braun, 1900 is one of the most species-rich groups of cyclophyllideans. According to our estimate, it includes about 450 species parasitising mainly birds (about 425 species, 127 of which are reported from gallinaceous birds) as well as mammals (including 6 species reported from humans). Fuhrmann (1920) subdivided the genus into four subgenera but it was later subjected to various changes concerning both the composition and rank of the subordinated taxa (Fuhrmann 1924 , Stiles and Orleman, cited after Artyukh 1966 , López-Neyra 1931 , Fuhrmann 1932 , Movsesyan 1966 . The generally accepted system was that proposed by Fuhrmann (1932) (Wardle and McLeod 1952 , Yamaguti 1959 , Artyukh 1966 , Schmidt 1986 ). According to it, the genus Raillietina included the subgenera Raillietina Fuhrmann, 1920 , Paroniella Fuhrmann, 1920 , Fuhrmannetta Stiles et Orleman, 1926 and Skrjabinia Fuhrmann, 1920 . The last comprehensive taxonomic works on davaineids Bray 1994, Movsesyan 2003a) elevated the subgenera of Raillietina to the generic level; this concept is followed in the present study.
The characters used for distinguishing the taxa at the family level were the structure of the uterus and (or) presence of paruterine organ, and at the generic level these were the scolex armament, the position and number of the genital pores per proglottis, the position of the genital organs and, if paruterine organ is lacking, the number of the eggs within an egg capsule (Wardle and McLeod 1952; Yamaguti 1959; Artyukh 1966; Schmidt 1986; Jones and Bray 1994; Movsesyan 2003 a, b) . As a result, the available taxonomy of the Davaineidae is artificial rather than representing the phylogenetic relationships within the group. The davaineids have never been subjected to extensive phylogenetic studies on the basis of molecular data. Representatives of two davaineid genera (Raillietina and Ophryocotyle) were included in analysis on the basis of molecular data to study the interordinal phylogenetic relationships of the cestodes (Mariaux 1998 ). The few proposed hypotheses within the order Cyclophyllidea did not include davaineids (von Nickisch-Rosenegk et al. 1999) or gave controversial results for their relationships with other cyclophyllidean groups (Foronda et al. 2004) .
In summary, the family Davaineidae was chosen as a model group for several reasons. First, it is a speciose family with controversial classification. The genus Raillietina and related genera form a compact and morphologically homogeneous group (e.g., the genera Raillietina and Fuhrmannetta could be distinguished by the position of genital pores: unilateral in the former and irregularly alternating in the latter), thus representing a suitable model taxon for testing the reliability of morphological criteria by molecular phylogenetic evidence. In particular, the Raillietina spp. from woodpeckers provide a good opportunity to test the phylogenetic relatedness of parasites from resident hosts in Europe and North America. Second, developing molecular phylogenetic markers for the davaineids contributes to a wider molecular methodology aimed at understanding the phylogenetic relationships within the order Cyclophyllidea as a whole; this has the further potential of enhancing tools for biomedical and veterinary studies on cyclophyllideans. Also importantly, representatives of the Davaineidae allow independent estimates of phylogeny to be evaluated in the light of morphology and host ranges.
The seminal publication of Hoberg et al. (1999) in which adult morphological and life cycle features were compiled, scored and analysed cladistically, remains the best treatment of the relationships between the families of Cyclophyllidea to date. However, with the propensity for many of these features to evolve convergently, independent molecular phylogenies are much needed in order to bring stability and order to the group. Moreover, additional characters are needed to add greater resolution to the estimates of inter-and intra-familial relationships.
Building on our previous studies on the molecular systematics of cestodes, we investigated the phylogenetic utility of potential gene markers in estimating the interrelationships of selected members of a cyclophyllidean family, as a precursor to broad-scale sampling and molecular phylogenetic analyses at higher taxonomic levels. To date, commonly used molecular markers for the Cestoda include complete small subunit and complete and partial large subunit ribosomal RNA genes, i.e. ssrDNA and lsrDNA, respectively. These genes have been used extensively to estimate ordinal level relationships (Kodedová et al. 2000 , Olson et al. 2001 , Waeschenbach et al. 2007 ) and relationships within orders (e.g. Brabec et al. 2006) but hardly amongst cestode families; one order that has been investigated more than most with these genes is the Proteocephalidea (e.g. Hypsa et al. 2005) . Additional popular markers include mitochondrial genes such as partial cytochrome oxidase subunit I (cox1; e.g. Hu et al. 2005 , Wickström et al. 2005 , partial small subunit ribosomal RNA gene rrnS (12S; von Nickisch-Rosenegk et al. 1999) and partial large subunit ribosomal RNA gene rrnL (16S; Zehnder and Mariaux 1999) , which have been used with varying success for within order/family phylogenetic resolution and the recognition of cryptic taxa. Preliminary analyses with cyclophyllideans (Tkach and Littlewood, unpublished) suggest that genes evolving faster than the nuclear ribosomal genes used so far are required to differentiate more recent divergence events. However, rather than choosing from the limited number of available PCR primer combinations, of which few appear to hold much promise (Olson and Tkach 2005) , we have decided to evaluate a rich resource of orthologous genes and gene regions, from available completed mitochondrial (mt) genomes.
Interest in comparative mitogenomics and mt genomes, as a source of molecular markers in flatworms of biomedical and economic importance (e.g. see Le et al. 2002 , Johnston 2006 , has resulted in a number of completed mt genomes being fully characterized for key cyclophyllidean taxa. Currently on GenBank there are full sequences for members of two families only, one hymenolepidid and nine taeniids: Hymenolepis diminuta (NC_002767), Taenia crassiceps (NC_002547), T. solium (NC_004022), T. asiatica (NC_004826), T. saginata (NC_009938), Echinococcus granulosus (NC_008075), E. multilocularis (NC_000928), E. oligarthrus (NC_009461), E. shiquicus (NC_009460) and E. vogeli (NC_009462). We have taken these mt genomes as a starting point in devising novel molecular phylogenetic markers with potential for resolving interrelationships across the wider Cyclophyllidea. In order to assess the phylogenetic utility of various mt gene re-134 OEl¹ski gions for within family studies, we have chosen species of the Davaineidae using individual gene and combined (concatenated) gene analysis of mt and nuclear ribosomal genes for comparison. Mitochondrial genes were assessed in terms of resolving phylogenies congruent with combined evidence solutions, nodal support, proportion of alignable variable sites and hence likely utility for expanding molecular assessments of cyclophyllidean interrelationships. Finally, we test PCR primers spanning selected gene regions across a diversity of cyclophyllidean species and make recommendations for future gene and taxon sampling.
Materials and methods
Primer design from mt genomes Entire mt genomes of the following species were aligned: Hymenolepis diminuta (NC_002767), Taenia crassiceps (NC_ 002547), T. solium (NC_004022), T. asiatica (NC_004826), Echinococcus granulosus (NC_008075), and E. multilocularis (NC_000928); it was not deemed necessary to include all the available sequences from Taenia or Echinococcus as conservation of alignable positions between genera was more important for primer design. Alignments were achieved initially using ClustalX (Thompson et al. 1997 ) with default settings, followed by refinement by eye using MacClade (Maddison and Maddison 2005) . Nucleotides for protein coding genes were aligned with reference to translation frame and all other genes were aligned to minimize indels. As the purpose of this alignment was to identify conserved regions for PCR primer design, little attention was paid to refining highly variable regions. Using MacClade, a strict consensus sequence was generated in order to determine regions of 100% sequence identity. Lengths of consensus sequence were considered further for primer design if they were $17bp length with #3 degenerate positions (i.e. multistate nucleotides occupying the same position in the alignment), and > 30% GC. Two regions were selected: cox1+trnT+rrnL and nad1+trnN. Primers were edited using PrimerExpress v. 1.0 (ABI) or MacVector v. 9.5.2 (MacVector, Inc.) until hairpins and primer dimers were minimized or eliminated, and had suitable melting temperatures (#55°C) for routine PCR amplification. Primer pairs were chosen for testing such that normal (not long) PCR could be employed, amplifying fragments #2000 bp. In turn, amplicons would need to be sequenced with the same 5' and 3' primers, and with as few internal primers as possible for full double-stranded coverage.
Taxon and outgroup selection for phylogeny
Seven species belonging to two davaineid genera (6 Raillietina spp. and Fuhrmannetta malakartis) from galliform (2 species), struthioniform (1 species), columbiform (1 species) and piciform (3 species) birds were selected along with Dilepis undula (Dilepididae) and Fimbriaria sp. (Hymenolepididae) in accordance with the phylogenetic hypothesis about the relationships among dilepidids, hymenolepidids and da- vaineids (Hoberg et al. 1999 ); see Table I . The taxonomy of the avian hosts follows Peterson (2002) . Based on recent molecular phylogenetic analyses of the Cestoda (Waeschenbach et al. 2007) , two species, Mesocestoides sp. and Tetrabothrius sp. were chosen as outgroups to root the phylogenies. Tetrabothrius is the type genus from the order Tetrabothriidea. Although the family Mesocestoididae is recognised as a member of the Cyclophyllidea in morphologically based classification schemes, it is known to represent a distinct but closely related lineage, the Mesocestoidata; see Hoberg et al. (2001) for additional information.
DNA amplification and sequencing
Total genomic DNA (gDNA) was extracted from ethanol preserved specimens using DNeasy tissue kit (QIAGEN) following the manufacturer's instructions. PCR and sequencing primers are listed in Table II . ZX-1 was designed by van der Auwera et al. (1994) ; all other primers have originated from this research group. For each reaction, 2 µl gDNA was used as a template in 25 µl reactions using Ready-To-Go TM PCR beads (Amersham Pharmacia Biotech). Cycling conditions for partial (D1-D3) lsrDNA (~1662 bp) were as follows: denaturation for 5 min at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at 55°C, 2 min at 72°C; and 7 min extension at 72°C. Cycling conditions for complete ssrDNA (~2185 bp) were as follows: denaturation for 2 min at 94°C, followed by 40 cycles of 30 s at 94°C, 30 s at 54°C, 2 min at 72°C and completed by 7 min at 72°C. Cycling conditions for cox1+ trnT+rrnL rDNA (1889-1943 bp) were as follows: denaturation for 3 min at 94°C, followed by 40 cycles of 30 s at 94°C, 30 s at 52°C, 3 min at 72°C; and 7 min extension at 72°C. Cycling conditions for nad1+trnN (~850 bp) were as follows: denaturation for 3 min at 94°C, followed by 40 cycles of 30 s at 94°C, 30 s at 55°C, 1.5 min at 72°C and completed by 7 min at 72°C. Cycling conditions for rrnL only (~930 bp) were as for cox1+trnT+rrnL, except the extension step was reduced to 2 min. All mt fragments represent partial gene fragments at both the 5' and 3' ends. PCR amplicons were either gel-excised using QIAquick TM Gel Extraction Kit (QIAGEN) or purified directly using QIAquick TM PCR Purification Kit (QIA-GEN) following the standard manufacturer-recommended protocol. Cycle-sequencing from both strands was carried out on an ABI 3730 DNA Analyser, Big Dye version 1.1. using ABI BigDye TM chemistry using manufacturer's instructions. Products for the mt fragment cox1-rrnL rDNA were cloned using TOPO TA Cloning ® Kit with pCR ® 2.1-TOPO ® vector (Invitrogen), following manufacturer's instructions. Positive clones were grown for 15 h in 3 ml volumes of LB at 37°C at 200 rpm in a shaking incubator. Plasmid DNA was purified using QIAprep Spin Miniprep Kit (QIAGEN) following the standard manufacturer-recommended protocol, and cyclesequenced from both strands using M13 primers and internal primers (see Table II ). Contiguous sequences were assembled and edited using Sequencher TM (GeneCodes Corp., Ver. 4.6) and sequence identity checked using the Basic Local Alignment Search Tool (BLAST) (www.ncbi.nih.gov/BLAST/).
Sequence alignment and phylogenetic analyses
Alignments for phylogenetic analysis were performed using ClustalX (Thompson et al. 1997) with default settings, followed by refinement by eye using MacClade (Maddison and Maddison 2005) . Nucleotides for mt protein coding genes were aligned, in frame, with respect to amino acid translations, and tRNAs were aligned with respect to putative secondary structure models established with tRNA-scan-SE 1.21 (www.genetics.wustl.edu/eddy/tRNAscan-SE/; Lowe and Eddy 1997) . Regions that could not be unambiguously aligned were excluded from the analysis. A single data matrix of concatenated genes was assembled with MacClade. Only unambiguously alignable positions were included in phylogenetic analyses. Nuclear ribosomal (ssrDNA and lsrDNA) and mt (cox1 890-932 bp, 3' end; rrnL 917-954 bp, 5' end; nad1 626-801 bp, 3' end) genes were each analysed separately and in combination (total nuclear ribosomal, total mitochondrial including tRNAs, and total molecular data), using Bayesian inference (BI) with MrBayes, version 3.1.2 (Huelsenbeck and Ronquist 2001) , maximum likelihood (ML) and maximum parsimony (MP) criterion with PAUP * version 4.0b10 (Swofford 2002 Farris et al. 1995) , were conducted to determine whether individual data partitions were not significantly heterogeneous from one another.
Modeltest version 3.7macX (Posada and Crandall 1998) was used to select a model of evolution using the Akaike Information Criterion. For the majority of data sets Modeltest selected the GTR+I+G model, and this was chosen for all ML and BI analyses; for cox1 and lsrDNA Modeltest chose TVM+I+G and GTR+G models respectively, each with GTR+I+G as second best models. As such, for BI, likelihood settings were set to nst = 6, rates = invgamma, ngammacat = 4 (equivalent to the GTR+I+G). For combined gene analyses, parameters were estimated separately for each gene. Four chains (temp = 0.2) were run for 5,000,000 generations and sampled every 1000 generations. 500,000 generations were discarded as 'burnin'.
Maximum likelihood analyses were performed using successive approximation: model parameters were estimated based on a starting tree determined by neighbor-joining (NJ). A heuristic search was performed implementing the estimated model parameters using nearest-neighbor-interchange (NNI) branch swapping. Model parameters were estimated on the best tree and a heuristic search performed using subtree-pruning-regrafting (SPR) branch swapping. After estimating model parameters, heuristic searches using tree-bisection-reconnection (TBR) branch swapping were performed until the topology remained unchanged.
MP analyses were performed using the heuristic search method (100 search replicates) and TBR branch-swapping algorithm. All characters were unordered and were weighted equally. Gaps were treated as missing data. A starting tree was obtained via stepwise addition, and addition of sequences was random. One tree was held at each step during stepwise addi-136 Roborzyñski rosboeŸaev fjad kadsaeae¿ae tion. Nodal support was estimated by bootstrapping (1000 replicates) using MP. Maximum likelihood bootstrap values for 100 replicates were obtained using Genetic Algorithm for Rapid Likelihood Inference (GARLI) Version 0.942 (Zwickl 2006 ) using default settings, except setting 'Genthreshfortopoterm' to 10,000 generations.
Comparing sequence variability and information content within and between genes
Sequence variability brings with it the opportunity of detecting phylogenetic signal, but too much variability (especially with indels, often present in rDNA) prevents unambiguous alignment. In order to visualise the amount of variability within and between the various genes and gene regions sampled, we exported the final alignment from MacClade back to ClustalX in order to retrieve alignment scores for each alignment position. ClustalX score parameters were held as follows: scoreplot = 5, residue exception cutoff = 1, DNA weight matrix = IUB. Score values were subsequently exported to a spreadsheet and plotted as a function of alignment position, indicating gene boundaries and regions that could not be unambiguously aligned (and therefore useless for phylogenetic estimation). 
Results
Suitable PCR primers were successfully designed from published mt genome sequences, and utilized to amplify contiguous fragments of mtDNA from a diversity of davaineid cestodes and outgroups. Individual gene fragments were tested for their ability to provide structure and strong nodal support to inferred phylogenies that were in turn compared against phylogenetic estimates from established nuclear ribosomal gene markers. Two new phylogenetic markers were developed from the preliminary data.
Mitochondrial primer design from mt genomes
Across the alignment of mt genomes, few regions were suitably conserved to allow primer design. Although at the amino acid level many of the protein coding genes appear to be conserved, only nad1 and cox1 provided useful stretches of conserved sequence with the necessary features (see below) to allow primer design. As a result of sequence conservation various tRNA genes were also highlighted initially as possible primer sites, including trnN, trnI, trnK, trnW, trnL2 and trnR, but unsurprisingly these regions were found to coincide with stem-loop regions, which in turn would likely form stable hairpins within the primer sequences. We used MacVector v. 9.5.2 (MacVector Inc.) to find suitable PCR primers in regions of high sequence conservation across the reference alignment, and tested candidate primers against individual reference sequences. Primers forming hairpin loops, with low GC content and the propensity to form primer dimers were excluded using the primer settings within the program. Suitable primers were designed from nad1, trnN, cox1 and rrnL regions, and were tested successfully for the selected davaineids and outgroup taxa (see Table II ). For each taxon, two mt fragments were readily amplified for the taxa under study; one fragment included partial cox1, trnT and partial rrnL (cox1+trnT+rrnL), and the other included partial nad1 and trnN (nad1+trnN). Internal sequencing primers were designed for each fragment; see Table II . Primers worked well for all templates.
Phylogenetic analyses
Ten cox1+trnT+rrnL, ten nad1+trnN, 6 partial lsrDNA and 6 complete ssrDNA sequences were generated from this study. A full list of taxa and GenBank sequences used in the study is shown in Table I . Figure 1 shows a representation of the alignments for each gene fragment for all taxa used (including outgroups), taken from the final ClustalX output (after refine-138 Fig. 1 . ClustalX alignment scores for nuclear (ssrDNA, partial lsrDNA) and mitochondrial (cox1_trnT_rrnL and nad1_trnN) genes for selected cestodes (see Table I ), indicating regions that could not be unambiguously aligned (black boxes) and regions of high and low variation; sequence conservation is indicated by a high alignment score. ClustalX score settings: scoreplot = 5, residue exception cutoff = 1, DNA weight matrix = IUB ment in MacClade), indicating regions of variability for each position in the alignment. Regions that could not be aligned unambiguously are also indicated, and these mostly represent regions of high variability (loops in the secondary structures) of RNA and tRNA genes and regions with high proportions of indels. The greatest proportion of unalignable sites came from ribosomal sequences, but in particular those from the V4 and V7 variable regions of ssrDNA, various regions of the D2 variable region of lsrDNA and the mt tRNA genes. Each of these regions is characterized by extensive loop structures. Very few regions of the mt protein coding genes were not alignable as there were few indels of inferred amino acids. Alignments of all data sets used as the basis for phylogenetic analyses have been deposited with EBI under accession numbers: ALIGN_001247 (ssrDNA), ALIGN_001248 (lsrDNA), ALIGN_001249 (mt cox1_trnT_rrnL), ALIGN_001250 (mt nad1_trnN). All permutations of partition homogeneity tests indicated insignificant heterogeneity between data partitions; all individual genes against one another (P = 0.08), individual mt genes against one another (P = 0.39), ssrDNA vs. lsrDNA (P = 0.68), mitochondrial vs. nuclear (P = 0.96). Phylogenetic analyses were performed for each of the following individual and concatenated partitions: complete ssrDNA, partial lsrDNA, cox1, rrnL and nad1, combined nuclear (ssrDNA+lsrDNA), combined mt data (mt only) and combined nuclear+mt data (all data). Results summarising the phylogenetic analyses are presented in Figure 1 and Table III (alignment details and tree statistics). A total number of 5649 unambiguously alignable nucleotide positions were available in the final alignment; 1515 positions were excluded. Of the included positions, 2084 were variable and 1384 were phylogenetically informative under the principles of parsimony. Although nuclear ribosomal data contributed more positions to the alignment, mt genes provided almost twice as many variable and twice as many parsimony informative sites. As a proportion of unit length of alignable sequence, genes with the most informative characters were partial rrnL (38.6%) > nad1 (37.0%) > partial cox1 (33.6%), in contrast to lsrDNA (23.7%) and ssrDNA (15.0%).
For each individual data partition there was strong agreement in final tree topologies between different methods of analysis, although MP tended to yield multiple parsimonious solutions reflecting poor or low nodal support in many of the individual mt gene analyses. Figure 2 shows the BI trees with nodal support from posterior probabilities and bootstrap ML and MP analyses. Nodes were considered to be of strong support if BI posterior probabilities were $0.95, ML bootstrap >90% and MP bootstrap >90%. Nuclear ribosomal genes tended to provide greater nodal support at deeper divergent nodes and mt genes provided greater support amongst more recent divergences. Combined data sets provided increasingly greater nodal support throughout the phylogeny, with the fully concatenated data set offering a resolved phylogeny, congruent amongst different methods of analysis and with high nodal support throughout. The fact that nodal support at the deeper nodes is greater in the nuclear ribosomal genes trees and greater for the more recent divergences in the mt genes trees, is reflected in the topology of the 'all data' tree, where the basal and recent divergences are identical (or almost identical) to their corresponding topologies in the ssrDNA and lsrDNA and 'mt only' trees respectively. Differences in tree topologies amongst different data sets were mostly around poorly supported nodes. Table IV provides results of tests comparing individual data sets against different tree topologies: Shimodaira-Hasegawa (S-H) test results, with probabilities and log likelihood scores. S-H tests were run under a RELL distribution with 1000 bootstrap replicates, using likelihood parameters taken from the ML analysis for each individual test data set; e.g. for nad1 data set, likelihood scores for trees were estimated using the model determined for the nad1 ML analysis. A number of tree topologies show significant differences in phylogenetic signal between data sets, but the poor nodal support for many nodes (see Fig. 2 ) suggests that many of the topologies were not actual-139 ly robust to begin with. In other words, differences between poorly supported tree topologies are not considered important (in spite of their statistical significance) unless there is accompanying high nodal support amongst the different trees under consideration. Nuclear ribosomal and mitochondrial data sets conflicted most with each other suggesting each locus was arguing for significantly different phylogenetic solutions, although the distribution of well-supported nodes differed between these data partitions. Individual mitochondrial genes and the combined mt data were not in conflict with the combined evidence solution (all data). When considering nodal support and the robustness of the tree topologies, only with all data combined were nodes well-supported throughout the phylogeny. All trees were compatible with the combined evidence (all data) tree, although individual gene partitions contributed to the resolution of different regions of the tree. To reiterate, the S-H test does not account for nodal support. Thus, topologies with nodes of low support were considered compatible with alternative trees if nodes with high support (as indicated in Fig. 2) were not compromised. With individual nuclear ribosomal genes, most signal was provided for deeper branching nodes, although lsrDNA and lsrDNA+ssrDNA provided additional support for the more derived nodes amongst more closely related taxa. A comparison of total nuclear (lsrDNA +ssrDNA) and total mt gene phylogenies indicates a few topological differences. The sister taxon to the Fimbriaria and Hymenolepis clade is Dilepis with nuclear data, and unresolved with mt data. Relationships within the Raillietina clade 140 Fig. 2 . Summary of phylogenetic analyses for individual and combined gene partitions. Partitions were: individual mt genes (cox1, nad1, rrnL), individual ribosomal RNA genes (lsrDNA, ssrDNA), combined mt (cox1_trnT_rrnL and nad1_trnN), combined nuclear (lsrDNA+ssrDNA) and combined mt and nuclear (all) data. Regions homologous to previously published mt primers discussed in the text are marked as follows: 16S-5' and 16S-3' (rrnL; Zehnder and Mariaux 1999) are unresolved with nuclear data but far better resolved with mt data. In summary, mt genes tended to provide robust support for nodes subtending more recently diverged lineages with nad1 and rrnL providing consistently more support across the phylogenies than cox1 alone.
New mitochondrial primers and their performance amongst other cyclophyllideans
In an attempt to design mt markers that can be sequenced without cloning and with only few, if any, internal primers that amplify fragments with a large proportion of phylogenetic signal, we designed a primer pair (Cyclo_16SF+Cyclo_16SR; Table II ) that amplifies ~930 bp of rrnL. The choice for this region was based on the fact that overall nodal support was equal to the combined mt data topology, with the topology being largely identical to the combined mt data tree (except of the position of Tetrabothrius sp. and D. undula). Hence, this short region of ~930 bp seems to encapsulate the phylogenetic signal present in the overall mt data of ~2700 bp. In order to test this pair of primers for their applicability in other cyclophyllidean families, PCRs were successfully performed on DNA samples from 4 cyclophyllidean families (Dilepididae, Gyrocoeliidae, Paruterinidae and Catenotaeniidae) (Fig. 3) . Similarly, but showing slightly less overall nodal support than rrnL and the combined mt data, nad1 (amplified with primers Cyclo_nad1F+Cyclo_trnNR; partial trnR makes up only the last 60 bp at the 3' end of the ~850 bp fragment) seems to be a further promising candidate in assessing recent cyclophyllidean divergences, although its amplification and sequencing was somewhat hampered by the degenerate nature of the primers.
141 Table IV . Results of Shimodaira-Hasegawa tests, giving probability/-ln likelihood respectively for each data set and tree topology comparison. Data sets were considered to argue for significantly different tree topologies when P < 0.05 * , < 0.01 ** , or < 0.001 *** . However, the test provides indications of differences between tree topologies only, and not the robustness of the topologies (indicated by nodal support; see Fig.  2 ). Nuclear versus mitochondrial results are boxed; nuclear only is lsrDNA+ssrDNA 
Discussion
It is clear from the phylogenetic analyses conducted with complete ssrDNA and partial lsrDNA that whilst these nuclear genes have contributed significantly to our understanding of deeper divergences amongst Cestoda (e.g. Olson et al. 2001 , Waeschenbach et al. 2007 , they fail to provide much resolution amongst closely related taxa (see Fig. 2 ). In contrast, and as expected from a diversity of similar studies on metazoan interrelationships, the present study shows that mitochondrial genes provided a greater number of variable positions and more phylogenetic signal amongst closely related taxa, yielding consistently higher nodal support for individual and combined data partitions. An alignment of published sequences of complete mt genomes of cyclophyllidean tapeworms provided sufficient regions of sequence conservation to develop new PCR primers and new molecular markers for cyclophyllidean phylogenetics. Using selection criteria that would encapsulate large fragments of homologous sequences for all cyclophyllideans, the program MacVector provided a rapid means of designing and evaluating potential PCR primers in silico. However, only two regions of mtDNA were identified as likely candidates providing suitable amplicons for evaluation. Other gene regions were far too variable. Although this does not discount the likely phylogenetic utility of other genes, it suggests that specific (rather than ubiquitous) primers would need to be developed for smaller sub-groups of cyclophyllideans if different mitochondrial genes were to be targeted. This study focussed on an evaluation of closely related species within the Davaineidae, with other cyclophyllidean and non-cyclophyllidean taxa providing the reference for evaluating the potential for new markers across the order.
The two regions of mtDNA identified and subsequently amplified were a fragment including partial cox1 to partial rrnL (including trnT), and a fragment including partial nad1 and trnN. After sequencing these regions, individual genes (excluding tRNA genes) were evaluated for their phylogenetic utility with a view to providing markers for routine sequencing and resolving interrelationships within cyclophyllidean families in light of available nuclear ribosomal markers already widely available. Amongst the davaineids selected, different genes gave different phylogenetic estimates with varying degrees of nodal support. Tree topologies were congruent amongst nuclear or mitochondrial gene estimates, but generally nuclear phylogenies were significantly different from mitochondrial estimates in terms of topology. However, differences in topology between nuclear and mitochondrial estimates were not accompanied by strongly supported nodes; in other words strongly supported nodes in one data set were likely in regions that were poorly supported in the other data set. Consequently, a combined nuclear+mitochondrial (all data) analysis yielded a topology similar to the nuclear estimates in terms of deeper divergence patterns, and similar to the mitochondrial estimates amongst more divergent taxa; thus providing a consensus phylogenetic estimate that reflected the well-supported nodes from each of the data sets. No single gene provided the same level of resolution as the combined (all data) estimate.
Regarding the phylogenetic relationships of the davaineids, our results do not support the erection of Fuhrmannetta as a distinct genus, which is in contrast with the current taxonomic arrangement of Raillietina and related genera Bray 1994, Movsesyan 2003a ) and questions the reliability of the position of genital pores (unilateral or alternating) as a character for distinguishing genera. The davaineids from woodpeckers resident for Europe and North America formed a well-supported clade, and on this basis we consider that the present results generally corroborate the "Fuhrmann's Rule" (defined by Ass 1938, cited after Dogel' 1962) , which states "...each avian order has its specific cestode fauna" (Fuhrmann 1932) . The "rule" could not be applied unambiguously to host-parasite associations since it does not take into consideration other factors related to the ecology of the hosts and the dynamics of the host-parasite assemblages. However, it could be refined and interpreted in the light of the contemporary cladistic tools combined with the molecular methods used. Therefore, we consider the present results support the general approach to testing this rule in the future; additional parasite sampling to compare phylogenetic reconstructions and host/ geographic distributions are required. Zehnder and Mariaux (1999) working with partial lsrDNA and a smaller fragment of rrnL (see Fig. 1 for region of rrnL used) also found that these genes yielded significantly different phylogenetic hypotheses for estimates of proteocephalidean relationships. However, just as we have found in the present study, the genes provide high nodal support at different, albeit complementary regions of the inferred trees and what appeared to be topological conflict (as indicated by a failed incongruence length difference test) may simply reflect differences in resolving power at different taxonomic levels in the trees. Zehnder and Mariaux (1999) chose not to combine their data sets as they failed an ILD test, and they restricted analyses to MP only. Such an approach may have been over cautious and their data seem worthy of reanalysis, particularly with a model-based method. Yoder et al. (2001) noted that a failed ILD test was not a good measure of data combinability, and the present study demonstrates that nuclear and mitochondrial gene partitions are contributing complementary signal in different parts of the tree.
It seems clear that a mixture of nuclear and mitochondrial gene markers are required to provide robust phylogenetic resolution within the Cyclophyllidea, and perhaps also more generally for other cestode orders. Ideally, all fragments examined in the present analysis would be characterized for wider and denser taxonomic sampling of cyclophyllidean cestodes. We recognise that denser taxon sampling might require the addition of still more markers as the proportion of phylogenetically informative positions becomes limiting. Nevertheless, based on individual gene performance, phylogenetic resolution and nodal support, we would suggest that the partial rrnL gene characterized herein, and possibly the protein coding gene nad1, might prove most useful initially, as the best mt genes to add to one of the nuclear markers. Given the higher number of variable positions per unit length, we suggest that lsrDNA should be preferred over ssrDNA if only one were to be chosen. Our sampling purposely included very closely related taxa and we expect that a broad sampling of cyclophyllideans can yield a reasonably resolved phylogeny with these new mitochondrial markers in combination with one or more of the nuclear ribosomal genes.
Until additional nuclear markers can be developed for resolving inter-and intra-familial relationships of cestodes, it may be worth pursuing these same mitochondrial genes in resolving the interrelationships of other cestode orders. To this end, additional lengths of mitochondrial genes and genomes need to be characterized so that we might apply a similar strategy in developing and testing ubiquitous markers. Additionally, it may be worth testing the primers designed herein across a diversity of cestode orders, although we suspect they would begin to fail when sampling earlier divergent lineages of cestodes. It is noteworthy that the rrnL PCR primers of Zehnder and Mariaux (1999) , designed for Proteocephalidea, would not work well for Cyclophyllidea, due to numerous base changes in the priming regions.
The fragment of cox1 used in the present study was not the same region popularly chosen for 'barcoding' in other metazoan taxa (a fragment of approx. 650 bp towards the 5' end of the gene; Hajibabaei et al. 2007) , but is instead the latter half of the gene toward the 3' end. Indeed, finding conserved primers in the 'barcoding' region of flatworm mt cox1 seems to be particularly difficult (Littlewood, unpublished; Zarowiecki et al. 2007) . Instead, in order to amplify the fragment in a short product it seems that PCR primers with a significant number of degenerate bases are required, and in turn this introduces the need for cloning, nested PCR amplifications or more complicated sequencing protocols. Additional sequences of mt genomes and flanking regions of the cox1 barcoding region may provide means of designing more suitable PCR primers that complement the growing data for this region, but most likely such primers will be restricted in the taxonomic range they can be successfully applied.
This study highlights the potential problems in choosing additional genes for phylogeny reconstruction. If we were to choose a gene that was not statistically different from the nuclear genes when constrained against their inferred topologies (i.e. using non-parametric tests such as the ShimodairaHasegawa test), then from this study we would elect the fragment of cox1 and reject rrnL or nad1. However, the S-H test was passed because the cox1 solution provided little nodal support throughout the tree, and where it existed (at the base of the tree) was not in topological conflict with the nuclear gene topologies. Instead, the greater added phylogenetic signal came from mitochondrial genes that appeared to be in conflict with the nuclear topologies. Failure of conditional combination tests of independent data sets (e.g. see Cunningham 1997 ) and significant differences in topology testing (Yoder et al. 2001 ) may therefore each bias a researcher from choosing to use more informative genes. We suggest that separate analyses of independent data sets should be assessed in the light of maximizing complementary signal at different taxonomic levels of inferred phylogenies, and that combined evidence solutions are likely to provide best estimates of phylogeny. Clearly, there are limitations in combined evidence phylogenetics (e.g. in phylogenomics; Rokas and Carroll 2005, Jeffroy et al. 2006) , but in cestode systematics we are a long way short of saturating phylogenies with molecular data or taxa.
